Introduction {#section1-1179546817751628}
============

Sleep apnea, impaired diastolic function, and hyperaldosteronism {#section2-1179546817751628}
----------------------------------------------------------------

Sleep apnea (SA) affects 5% to 7% of the general population and reaches 15% of people more than 70 years.^[@bibr1-1179546817751628],[@bibr2-1179546817751628]^ Its prevalence is very high among patients with hypertension or other cardiovascular diseases such as coronary artery disease, heart failure (HF), stroke, and atrial fibrillation (AF).^[@bibr3-1179546817751628]^ It has been shown that SA is a risk factor for these conditions. Underlying mechanism is mostly obstructive resulting in collapse of the upper airways at pharyngeal level during sleep. Conversely, central SA is less frequent and often associated with HF.^[@bibr4-1179546817751628],[@bibr5-1179546817751628]^ Sleep apnea has a particularly high prevalence among patients who have indication for cardiac pacing reaching 60%.^[@bibr6-1179546817751628]^ It has also been associated with ventricular arrhythmias and nocturnal sudden cardiac death.^[@bibr7-1179546817751628]^ Sleep-related breathing disorders result in nocturnal intermittent hypoxemia. This leads to chronic reflex activation of the sympathetic nervous system, vascular vasoconstriction, production of vasoactive substances such as endothelin, oxidative stress, and, finally, endothelial dysfunction.^[@bibr4-1179546817751628]^

Heart failure with preserved left ventricular ejection fraction (LVEF) accounts for almost 50% of HF cases. It is defined by clinical signs of HF, with a normal LVEF associated with other features such as abnormal relaxation, filling, and diastolic stiffness.^[@bibr8-1179546817751628]^ Diastolic dysfunction appears as the first stage of this particular type of HF but can also be found in patients with no clinical sign of HF. Relaxation abnormalities increase with age, diabetes, hypertension, cardiomyopathy, and impaired systolic function.^[@bibr9-1179546817751628]^ Until now, there are no published data about the prevalence of obstructive SA in this specific subgroup of patients presenting a diastolic dysfunction. However, SA has been recognized as an independent risk factor for hypertension,^[@bibr10-1179546817751628]^ and several studies have shown a very high prevalence of obstructive SA in patients with resistant hypertension and associated hyperaldosteronism.^[@bibr11-1179546817751628]^

SA diagnosis {#section3-1179546817751628}
------------

Obstructive SA is often underdiagnosed by clinical examination due to numerous and nonspecific symptoms. Moreover, better related symptoms such as snoring, apneas, and excessive daytime sleepiness are often lacking in patients with cardiovascular disorders. Confirmation tests are expensive and their access is limited with significant waiting lists. The gold standard remains the polysomnography (PSG) but type 3 portable monitors exhibit good diagnostic performance.^[@bibr12-1179546817751628]^ The recording is performed at home or during attended cardiorespiratory sleep study (ACSS). Apnea-hypopnea index (AHI) represents the sum of apnea and hypopnea episodes per hour of sleep. It is considered abnormal if AHI is greater than or equal to 5 per hour.

SA diagnosis with pacemakers {#section4-1179546817751628}
----------------------------

The Sleep Apnea Monitoring (SAM) algorithm uses a rate-responsive pacemaker (PM) sensor, providing an index of minute ventilation derived from measurements of real-time transthoracic impedance variation.^[@bibr13-1179546817751628]^ The SAM algorithm thus detects 2 types of events: apneas (absence of significant respiratory cycle for more than 10 seconds) and severe hypopneas (50% or more decrease in minute ventilation compared with the mean value over the last breathing period sustained for more than 10 seconds) as shown in [Figure 1](#fig1-1179546817751628){ref-type="fig"}. These events are then reported with the respiratory disturbance index (RDI) which is the average number of events (apnea or hypopnea) detected per hour of estimated sleep (see Figure, additional file 1, which illustrates SAM data available during PM interrogation). The new version of the SAM algorithm was developed with better management of noise.

![Nasal flow measured during polysomnography (top window) and corresponding recording of transthoracic impedance signal by the minute ventilation sensor (bottom window). Two apneas are recorded with the fall of the nasal pressure for more than 90% and the concurrent decreasing in the transthoracic impedance signal from the pacemaker.\
Reprinted with permission from Defaye et al.^[@bibr14-1179546817751628]^](10.1177_1179546817751628-fig1){#fig1-1179546817751628}

We performed a review of published studies in English on PubMed database using the following key words: "sleep apnea" and "pacemaker." This research provided 87 citations. After exclusion of those that did not assess diagnostic accuracy of PM, 7 citations remained. Major findings are summarized in [Table 1](#table1-1179546817751628){ref-type="table"}. Two were performed with PM that did not allow automatic treatment of the transthoracic impedance^[@bibr15-1179546817751628],[@bibr16-1179546817751628]^ and the signal was processed and analyzed using a dedicated software. All studies^[@bibr13-1179546817751628][@bibr14-1179546817751628][@bibr15-1179546817751628][@bibr16-1179546817751628][@bibr17-1179546817751628]--[@bibr18-1179546817751628]^ except one^[@bibr19-1179546817751628]^ used PSG as reference test but with different AHI threshold values according to SA severity required for diagnosis. Designs were different and therefore diagnostic accuracy statistics are difficult to compare. Padeletti et al^[@bibr19-1179546817751628]^ did not report if patients were correctly classified for SA based on PM index but only correlation between mean values of AHI from PM and in-home respiratory monitoring. In the study by Aimé et al,^[@bibr17-1179546817751628]^ only apneic patients based on PM index (40/61 patients, 65.6%) were proposed to undergo PSG. Only 65% of them realized the reference test and the positive predictive value of PM index could be overestimated. Despite these discrepancies, these studies exhibit a good agreement between the PM-derived RDI and AHI from PSG.^[@bibr13-1179546817751628][@bibr14-1179546817751628][@bibr15-1179546817751628]--[@bibr16-1179546817751628]^ Correlation coefficient between the 2 tests was found to be similar to other home-based PSG recording systems.^[@bibr15-1179546817751628],[@bibr18-1179546817751628]^ Nevertheless, it was shown that systematic bias between the 2 methods was higher in patients with severe SA.^[@bibr14-1179546817751628],[@bibr15-1179546817751628],[@bibr18-1179546817751628]^ The recently published report from Dias et al^[@bibr18-1179546817751628]^ has also shown that despite good correlation between RDI and AHI values, the agreement between SAM algorithm and PSG was poor regarding SA diagnosis and severity assessment (κ coefficient = 0.167). All studies showed good diagnostic accuracy of PM indexes. Defaye et al reported in the most recent prospective multicenter study a sensibility (Se) of 88.9% and a specificity (Sp) of 84.6% compared with PSG for the diagnosis of severe SA (AHI ≥ 30/h). The best threshold value of RDI to predict patients with severe SA was 20 events per hour.^[@bibr14-1179546817751628]^ The same team found a different cutoff with a previous version of the algorithm.^[@bibr13-1179546817751628]^ Likewise, the cutoff value was also different when using another type of PM without automatic signal processing.^[@bibr16-1179546817751628]^ The work by Aimé et al is also interesting as they investigated diagnostic accuracy of both short-term RDI from last 24 hours and the "smoothed" index calculated by averaging the overall number of apneas and hypopneas over the period between 2 follow-up visits. There was a good correlation between these indexes and, moreover, the smoothed index had a better sensitivity to detect SA than the short-term index.^[@bibr17-1179546817751628]^ Among these studies, only 1 reported data about arrhythmias. The incidence of AF or other rhythm disorders was similar in patients with and without SA, based on in-home respiratory monitoring (AHI ≥ 10/h).^[@bibr19-1179546817751628]^

###### 

Review of published studies comparing PM algorithm and sleep studies for SA diagnosis.

![](10.1177_1179546817751628-table1)

  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Author                                        No. of patients (M/F)   Age, y        BMI, kg/m^2^   Device                        TTI signal analysis                                  Reference test (AHI threshold)    Prognostic value   ROC curve (AUC, cutoff value)                 Agreement (Bland and Altman/Pearson correlation coefficient *r*)
  --------------------------------------------- ----------------------- ------------- -------------- ----------------------------- ---------------------------------------------------- --------------------------------- ------------------ --------------------------------------------- ------------------------------------------------------------------
  Defaye et al^[@bibr13-1179546817751628]^      42 (30/12)              70 ± 8        26 ± 4         Talent 3 (ELA Medical)        Automatic RDI during estimated sleep                 PSG\                              Se = 75%\          AUC = 0.75 (95% CI: 0.6-0.87) for AHI ≥ 30\   MD = 0.9 (95% CI: −3.6 to 5.4) *P* \> .2\
                                                                                                                                                                                        AHI ≥ 30/h                        Sp = 94%\          Cutoff = 30.6                                 2SD = 30\
                                                                                                                                                                                                                          PPV = 75%\                                                       Pearson *r* = NA
                                                                                                                                                                                                                          NPV = 94%                                                        

  Scharf et al^[@bibr14-1179546817751628]^      22 (14/8)               65.6 ± 13.4   28 ± 5.8       Kappa 400 (Medtronic)         No automatic signal treatment\                       PSG\                              Se = 100%\         AUC = 1.0 for AHI ≥ 20\                       MD = −1.5 ± 10.6\
                                                                                                                                   Manual scoring by investigators                      AHI \> 20/h                       Sp = 100%          AUC = 0.966 ± 0.37 for AHI ≥ 15\              *P* \< .05\
                                                                                                                                                                                                                                             AUC = 0.95 ± 0.05 for AHI ≥ 5                 2SD = 20.8\
                                                                                                                                                                                                                                                                                           Pearson *r* = .869\
                                                                                                                                                                                                                                                                                           *P* \< .001

  Shalaby et al^[@bibr15-1179546817751628]^     60 (45/15)              69 ± 12       30 ± 6         Pulsar Max\                   No automatic signal treatment\                       PSG\                              Se = 82%\          AUC = 0.91 for AHI ≥ 30 cutoff = 39\          MD = 2.5\
                                                                                                     Pulsar Max II\                Automatic algorithm developed by the investigators   AHI ≥ 30/h                        Sp = 88%           AUC = 0.85 for IAH ≥ 15 cutoff = 37           2SD = 34.2\
                                                                                                     Insignia Plus (Guidant)                                                                                                                                                               Pearson *r* = 0.8\
                                                                                                                                                                                                                                                                                           *P* \< .01

  Padeletti et al^[@bibr18-1179546817751628]^   20 (15/5)               78            25.5           Talent 3 DR (ELA Medical)     Automatic RDI during estimated sleep                 In-home respiratory monitoring\   NA                 NA                                            Pearson *r* = NA\
                                                                                                                                                                                        AHI \> 10/h                                                                                        AHI = 27 ± 14\
                                                                                                                                                                                                                                                                                           PM RDI = 16 ± 13\
                                                                                                                                                                                                                                                                                           *P* = .15

  Defaye et al^[@bibr16-1179546817751628]^      40 (27/13)              73.8 ± 19     27.7 ± 4.4     REPLY 200 SR/DR (Sorin CRM)   Automatic RDI during estimated sleep                 PSG\                              Se = 88.9%\        AUC = 0.91 (95% CI: 0.8-1.0; *P* \< .001)\    MD = 9.2 ± 11.6\
                                                                                                                                                                                        AHI ≥ 30/h                        Sp = 84.6%\        for AHI ≥ 30 cutoff = 20                      2SD = (−14 to 32.4)\
                                                                                                                                                                                                                          PPV = 88.9%\                                                     *P* = NA\
                                                                                                                                                                                                                          NPV = 84.6%                                                      Pearson *r* = NA

  Aimé et al^[@bibr17-1179546817751628]^        61 (50%)                71.4 ± 10.9   26.6 ± 4.1     Talent 3 DR (ELA Medical)     Automatic RDI during estimated sleep                 PSG\                              PPV = 84.6%        NA                                            NA
                                                                                                                                                                                        AHI ≥ 15                                                                                           

  Dias et al^[@bibr18-1179546817751628]^        54 (31/23)              77 (69-81)    27 (23-30)     REPLY 200 SR/DR (LivaNova)    Automatic RDI during estimated sleep                 PSG\                              Se = 80%\          AHI ≥ 5; cutoff = 10\                         MD = 0.7 ± 14.7\
                                                                                                                                                                                        AHI ≥ 5\                          Sp = 79%\          AUC = 0.81 (95% CI: 0.68-0.95)\               2SD = 33.3\
                                                                                                                                                                                        AHI ≥ 15                          Se = 100%\         AHI ≥ 15; cutoff = 13\                        Pearson *r* = .522 (*P* \< .001)
                                                                                                                                                                                                                          Sp = 70%           AUC = 0.86 (95% CI:0.76-0.95)                 
  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Abbreviations: 95% CI, confidence interval at 95%; AHI, apnea-hypopnea index (events per hour); AUC, area under curve; BMI, body mass index; F, female; M, male; MD, mean difference or systematic bias (events per hour); NA, not available; NPV, negative predictive value; PPV, positive predictive value; PSG, polysomnography; RDI, respiratory disturbance index (events per hour); ROC, receiver operating curve; 2SD, 2 standard deviations or limit of agreement; Se, sensibility; Sp, specificity; TTI, transthoracic impedance.

Data not available were calculated if possible, otherwise NA. Values are mean ± SD. In the study by Dias et al, 60 patients were recruited but 6 excluded for nonavailable RDI; age and BMI are the median and interquartile range.

Aim of the study {#section5-1179546817751628}
----------------

This study investigates the diagnostic performance of the RDI given by the PM compared with the result of ACSS realized in the sleep laboratory for the diagnosis of severe SA and the correlation with plasma aldosterone levels in a population of patients presenting with diastolic dysfunction.

Methods {#section6-1179546817751628}
=======

Study design and ethics {#section7-1179546817751628}
-----------------------

The SAPAAD (Sleep Apnea Diagnosis Using a Novel Pacemaker Algorithm and Link With Aldosterone Plasma Level in Patients Presenting With Diastolic Dysfunction) study is a prospective, single-center, diagnostic cohort study. The institutional review board of the University Hospital of Caen (November 19, 2015) and the ethics committee (CPP Nord Ouest III, March 5, 2016) approved the study as well as the Agence Nationale de Sécurité du Médicament (register number: 2016-A00034-47; March 4, 2016). The SAPAAD study was registered on April 25, 2016, on the ClinicalTrials.gov Web site with trial identification number NCT02751021. The SAPAAD study follows the SPIRIT (Standard Protocol Items: Recommendations for Interventional Trials) guidelines.^[@bibr20-1179546817751628]^ The flowchart of the protocol is shown in [Figure 2](#fig2-1179546817751628){ref-type="fig"}. All patients provided written informed consent prior to their enrollment for the study participation, use, and disclosure of their information in publications.

![Study flowchart. ACSS indicates attended cardiorespiratory sleep study; CPAP, continuous positive airway pressure pocket; DR, double room; PM, pacemaker; RDI, respiratory disturbance index; SA, sleep apnea; SR, single room; TTE, transthoracic echocardiography.](10.1177_1179546817751628-fig2){#fig2-1179546817751628}

Study population {#section8-1179546817751628}
----------------

Consecutive patients with clinical and electrical indication for permanent cardiac pacing, scheduled or not, will be screened. According to current European Guidelines,^[@bibr21-1179546817751628]^ patients are presenting with third-degree atrioventricular block, second-degree atrioventricular block mobitz 2 type, bundle branch block associated with syncope and infra-Hisian block at electrophysiological study, or symptomatic sinus node dysfunction including brady-tachy form of sick sinus syndrome or bradyarrhythmia. Patients with diastolic dysfunction diagnosed at the transthoracic echocardiography (TTE) are eligible for the study. Patients fulfilling one of these criteria will not be included: younger than 18 years old, lack of informed consent form, impossibility to fit in the scheduled study plan, indication for cardiac resynchronization or LVEF lower than 45%, indication for epicardial PM, and known severe SA treated by continuous positive airway pressure (CPAP).

Standard procedures {#section9-1179546817751628}
-------------------

### Transthoracic echocardiography {#section10-1179546817751628}

According to our standard of care, all patients undergo a TTE before a PM implantation. This examination is conducted at the echocardiography laboratory in Caen University Hospital, using Epic 7 (Philips Healthcare, Amsterdam, Netherlands), during left lateral decubitus, with simultaneous electrocardiographic (ECG) monitoring.

### PM implantation {#section11-1179546817751628}

Implantation is realized at the Heart Rhythm Unit of Caen University Hospital according to current guidelines and local standard of care. The procedure is performed under local anesthesia, and implantation is preferentially performed in left prepectoral subcutaneous pocket, with puncture of the left cephalic vein or if necessary the left subclavian vein, then positioning the right ventricular lead apical or septal, and an atrial lead in the right appendage or on the side wall of the right atrium if required. Choice of the leads is at the discretion of the operator, and the device is a KORA 100 or KORA 250, single or double room (Sorin Livanova, Clamart, France). On the second day after implantation, we perform clinical examination (in particular, the wound), ECG with and without magnet, device checking and programming, and a chest X-ray. Patient is discharged if there is no complication.

### PM follow-up {#section12-1179546817751628}

After 2 months of hospital discharge, all patients undergo a follow-up visit with clinical examination and device control. Impedance, detection, and stimulation thresholds are measured and PM memories are read. Arrhythmias, mean heart rate, stimulation rate, and RDI are collected. The next follow-up is scheduled 6 months after implantation. If appropriate, data are collected for the first month of CPAP treatment.

Interventions {#section13-1179546817751628}
-------------

### Clinical examination {#section14-1179546817751628}

Special concerns are taken during clinical examination to detect physical signs or symptoms that might be related to SA. Weight, height, and body mass index are systematically reported. Patients are asked about daytime sleepiness, drowsiness, snoring, and other symptoms less frequent such as nocturia, nocturnal choking, and gasping. We use the Epworth clinical scale (see table, additional file 2, which reports items and scoring of the scale) and the Berlin questionnaire (see table, additional file 3, which reports items and scoring of the questionnaire) to estimate a pretest probability of SA.

### Attended cardiorespiratory sleep study {#section15-1179546817751628}

The ACSS is conducted in the sleep laboratory of Caen University Hospital. Monitoring is performed by usual methods of the center with a type 3 portable monitor (CID 102L; Cidelec, France). Recorded signals are as follows: nasal flow, pulse oxymetry, respiratory inductance plethysmography, brightness, suprasternal pressure, body position, actimetry, and analysis of respiratory sounds. The recording will be analyzed using Cidelec software by a practitioner with a board certification in sleep medicine to characterize nocturnal events and calculate the AHI of the study night. Mild SA is defined by an AHI between 5 and 15 events per hour, moderate SA by an AHI between 15 and 30 events per hour, and severe SA if AHI is greater than or equal to 30 events per hour.

A self-questionnaire is given to the patient about the quality of sleep during the night recorded (estimated latency of sleep and awakening, number of nocturnal arousals and pattern, presence of dream activity, and restful sleep or not). A blood punction is realized previous to the ACSS for blood gas measures. This sample will also be used for aldosterone test.

### Plasma aldosterone level measurement {#section16-1179546817751628}

Blood samples are centrifuged within 30 minutes, and 1-mL plasma aliquots are immediately frozen and stored at −80°C. Plasma aldosterone concentrations are measured with a commercially available radioimmunoassay kit (Beckman Coulter Immunotech, Marseille, France).

### SA treatment {#section17-1179546817751628}

A specific treatment with nocturnal CPAP ventilation is proposed to all patients with a severe obstructive SA diagnosed (AHI ≥ 30/h). If central mechanism is mainly responsible for SA, the type of ventilation can be different, for example, adaptive servo-ventilation. The CPAP device and settings are decided by the sleep physician according to patients' profile. Device is provided by the AIR de Basse Normandie association. After 1 month of the beginning of CPAP therapy, patients will have a control unattended sleep study with a portable monitor. Compliance with ventilation is evaluated from nightly duration of CPAP use. Effectiveness is assessed using clinical evaluation of sleepiness and the decrease in AHI.

Study end points {#section18-1179546817751628}
----------------

The primary objective is the diagnostic accuracy of RDI compared with AHI for the diagnosis of severe SA. Secondary objectives are correlation between plasma aldosterone level, SA severity and its improvement with specific treatment, diagnostic accuracy of RDI compared with AHI for the diagnosis of moderate SA, prevalence of SA among patients with diastolic dysfunction, occurrence of atrial and ventricular arrhythmias, and improvement of RDI with CPAP. Judgment criteria for all the objectives are listed in [Table 2](#table2-1179546817751628){ref-type="table"}.

###### 

Study end point measures.

![](10.1177_1179546817751628-table2)

                                 End point                                                                                                                 Judgment criteria
  ------------------------------ ------------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Primary end point measure      Diagnostic accuracy of RDI compared with AHI for the diagnosis of severe sleep apnea (AHI greater than 30 events/h)       Comparison between RDI (value of the sleep study recording night and mean RDI of the previous month) and AHI from the ACCS for the diagnosis of severe SA
  Secondary end point measures   Correlation between plasma aldosterone levels, sleep apnea severity, and its evolution with specific treatment            Measurement of plasma aldosterone 2 months after PM implantation and 1 month after CPAP in apneic patients and correlation with AHI
                                 Diagnostic accuracy of RDI compared with AHI for the diagnosis of moderate sleep apnea (AHI between 15 and 30 events/h)   Comparison between RDI (value of the sleep study recording night and mean RDI of the previous month) and AHI from the ACSS for the diagnosis of moderate SA
                                 Prevalence study of sleep apnea among patients with diastolic dysfunction                                                 No. of patients with mild SA (AHI between 5 and 15 events/h), moderate (AHI between 15 and 30 events/h), and severe (AHI greater than 30 events/h), no. of subjects with obstructive or central SA based on the ACSS results
                                 Occurrence of atrial and ventricular arrhythmias                                                                          AF burden, mean duration of AF episodes, percentage of atrial and ventricular stimulation, episodes of ventricular arrhythmias
                                 Improvement of RDI with CPAP                                                                                              Comparison between RDI and AHI after CPAP for patients with severe SA

Abbreviations: ACSS, attended cardiorespiratory sleep study; AF, atrial fibrillation; AHI, apnea-hypopnea index; CPAP, continuous positive airway pressure; PM, pacemaker; RDI, respiratory disturbance index; SA, sleep apnea.

Sample size estimation {#section19-1179546817751628}
----------------------

Data from the literature on the diagnostic performance of type 3 portable monitors compared with the PSG show variable results with a sensitivity between 61% and 91%.^[@bibr22-1179546817751628],[@bibr23-1179546817751628]^ To highlight an agreement (measured by the intraclass correlation coefficient) between the RDI and AHI of at least 0.80, for an alpha risk equal to 5% and 90% power, 63 patients must be recruited.^[@bibr24-1179546817751628]^ We plan therefore to recruit 68 patients, considering that there is a risk that for about 5% of patients to have data not fully exploitable (lost sight of missing data, etc).

Statistical plan {#section20-1179546817751628}
----------------

The continuous quantitative variables are expressed as mean ± SD, and qualitative variables are the number of patients and percentages. The occurrence and severity of SA are evaluated only in patients who have undergone ACSS. The diagnostic performance of the SAM algorithm for screening moderate (15 ≤ AHI ≤ 30 events per hour) and severe SA (AHI ≥ 30 events per hour) is evaluated by calculating the area under the receiver operator characteristic curve, with (1-Sp) on *x*-axis and Se on the *y*-axis. The best threshold value of RDI to discriminate populations (patients without moderate SA and patients with moderate to severe SA, patients without severe SA and patients with severe SA) is the one that gives the best compromise between Se and Sp, corresponding to the area under the curve nearest from 1. The 95% confidence intervals for both Se and Sp and positive and negative predictive values as well as positive and negative likelihood ratios of the RDI are calculated. The agreement between RDI and AHI for the detection of moderate and severe SAs is evaluated first by the Bland and Altman method and also by the intraclass correlation coefficient. The significance level used is *P* \< 0.05. Statistical analyses are performed with IBM-SPSS Statistics (IBM Corp. Released 2013. IBM-SPSS Statistics for Windows, Version 22.0; Armonk, NY, USA: IBM Corp.). Data are analyzed in intention to treat.

Feasibility {#section21-1179546817751628}
-----------

We implant in our center almost 300 single-chamber and dual-chamber PMs each year. The prevalence of diastolic dysfunction (stage I to III) is about 45% in patients more than 65 years and reaches almost 70% in patients more than 75 years.^[@bibr9-1179546817751628]^ Taking into account patients' exclusions either for refusal or if already under CPAP, we can assume recruiting all patients required in the study within 18 months.

Registration {#section22-1179546817751628}
------------

The data will be collected and registered using electronic case report forms (e-CRFs) by a dedicated local technical research team using the OpenClinica open source software, version 3.13 (OpenClinica, LLC and collaborators, Waltham, MA, USA: [www.OpenClinica.com](http://www.OpenClinica.com)).

Data collected {#section23-1179546817751628}
--------------

Baseline characteristics will be collected: age, sex, weight, height, body mass index, smoking status, caffeine and alcohol consumption, history and type of diabetes mellitus, history of cardiovascular disease (hypertension, coronary artery disease, valvular heart disease, arrhythmias, cardiac medications), PM indication, heart rhythm (sinus or AF), heart rate, Berlin questionnaire result, and Epworth score. During follow-up visits (months 2 and 6), clinical variables, and Epworth and Berlin scores will be recorded.

During screening TTE, the following will be recorded: in 2-dimensional mode, systolic and diastolic diameter of the left ventricle, interventricular septal wall thickness, left atrium diameter and volume, LVEF with Simpson method, left ventricular outflow track (LVOT) diameter; in pulse-wave mode, LVOT flow, left ventricle filling with E and A waves velocity, A wave duration, E/A ratio; study of pulmonary vein flow with S/D waves ratio and A reverse wave duration; in continuous-wave mode, transaortic flow, aortic valve area; in color M mode, slope of left ventricle filling flow; and in tissue Doppler imaging (TDI) mode, early diastolic velocity (Ea) wave at lateral and septal mitral annulus, E/Ea ratio at lateral and septal mitral annulus.

Data from PM implantation will be recorded: type of PM (single or double room), implantation site (left or right and pre- or retropectoral), position of the atrial and ventricular leads, intraoperative complications (tamponade, pneumothorax, excessive blood loss, life-threatening arrhythmias), and device programming.

During ACSS, different data will be collected: duration of recording, mean and lowest Oxi-Pulse oxymetry, duration with oximetry below 90% and below 85%, snoring index, and the AHI.

Blood samples will be taken during month 2 follow-up visit and at month 6 follow-up visit in case of CPAP treatment (arterial blood gas and plasma aldosterone).

Data monitoring will be performed by Clinical Research Unit of the Caen University Hospital.

Adverse events {#section24-1179546817751628}
--------------

Security of patients will be routinely assessed according to the center's standard of care and current guidelines. Serious adverse events will be reported in a dedicated form in the e-CRF and immediately declared to authorities by study promoter. Expected adverse events, related to associate drugs, disease progression, or standard procedures listed in the study protocol, will be reported in the e-CRF and declared at the end of the study in the security final report.

Study organization {#section25-1179546817751628}
------------------

The study promotion is performed by the University Hospital of Caen, France. The study is funded, thanks to the financial support from both the University Hospital of Caen and Sorin LivaNova (Sorin Group France SAS, Clamart).

Duration and time line {#section26-1179546817751628}
----------------------

Patients from the University Hospital of Caen will be included during 18 months. The protocol, approval from the ethical committee, financial support, and e-CRFs were developed in 2015 and 2016. Inclusion and follow-up of patients are planned until first semester of 2018. The database will be closed in 2018, after which data analysis, manuscript writing, and submission for publication will follow.

Discussion {#section27-1179546817751628}
==========

Sleep apnea is frequent especially in patients with heart disease and is underdiagnosed due to poor clinical presentation. Obstructive SA is associated with a poor quality of life and represents a major health problem, acting as an independent risk factor for cardiovascular morbidity and mortality.^[@bibr25-1179546817751628]^ Continuous positive airway pressure can improve both respiratory parameters and prognosis of related comorbidities.^[@bibr26-1179546817751628],[@bibr27-1179546817751628]^

Diastolic dysfunction is a common finding in the elderly, especially in case of diabetes or hypertension, and represents a first step toward HF with preserved LVEF. All-cause mortality in a cohort study from general population was higher among participants who had diastolic dysfunction after adjustment for age, sex, and LVEF.^[@bibr9-1179546817751628]^ Despite some conflicting data, it now seems fairly clear that patients with moderate to severe SA have a high prevalence of relaxation abnormalities. The severity of obstructive SA expressed by AHI is correlated with the Ea by TDI after adjustment for other known variables.^[@bibr28-1179546817751628]^ Furthermore, the effective treatment of obstructive SA with CPAP ventilation prevents the worsening of diastolic function echocardiographic parameters and even reverses them in early stages.^[@bibr29-1179546817751628],[@bibr30-1179546817751628]^ However, little is known about SA prevalence among patients presenting with diastolic dysfunction, although it is a frequent finding among PM recipients and is probably correlated with high plasma aldosterone levels. It has already been observed that primary aldosteronism is associated with left ventricular remodeling and diastolic function impairment which is reversible with adrenalectomy.^[@bibr31-1179546817751628],[@bibr32-1179546817751628]^ Therefore, it seems very important to improve SA detection because SA may worsen prognosis in this specific population.

The SAM algorithm developed by LivaNova is a new screening tool for SA diagnosis. There are several data on its accuracy^[@bibr13-1179546817751628],[@bibr14-1179546817751628],[@bibr17-1179546817751628],[@bibr19-1179546817751628]^ and a prospective study already showed that the RDI was well correlated with PSG.^[@bibr14-1179546817751628]^ The interest of our study is to validate the diagnostic accuracy of the SAM algorithm within a particular subgroup of patients. We assume that in this population, this algorithm could be an effective screening tool allowing to detect suspected high-risk patients for SA and to address them to a sleep specialist. In addition, if the RDI is low, it would be possible to rule out SA with no need of a time-consuming, expensive test such as a PSG.

Unlike Defaye et al,^[@bibr14-1179546817751628]^ we chose attended sleep study with type 3 portable monitor as reference test. Diagnostic accuracy of ACSS is lower than complete PSG but it can be used as an alternative for the diagnosis of SA^[@bibr12-1179546817751628]^ especially in patients with high pretest probability of moderate to severe SA. With lower cost and easier implementation than PSG, ACSS represents a more "real-life" gold standard.

The choice of the primary judgment criteria was also challenging. We want to take into account 2 values of RDI: the one of the sleep study night and the mean value over the previous month. It is probably methodologically better to compare 2 variables recorded at the same time. However, we know that one limiting factor of sleep studies is sleep quality and reproducibility of AHI measured on a single night resulting in false-negative results. As the algorithm provides RDI values over a 6-month period, we assume that average RDI from previous month might be a more relevant data than a single night value. This feature may compensate the weakness of a single-signal recording by the SAM algorithm compared with ACSS result based on several signals. Aimé et al^[@bibr17-1179546817751628]^ suggested already that a "smoothed" index should be more sensitive to detect SA. Finally, the decrease of the RDI, compared to the AHI, after CPAP treatment will also test the agreement between these 2 values. The follow-up of RDI after CPAP therapy could be an alternative to a control sleep study.

Among hypertensive patients, SA prevalence is increased in patients with hyperaldosteronism.^[@bibr33-1179546817751628]^ Moreover, the severity of obstructive SA is correlated with the level of plasma aldosterone.^[@bibr33-1179546817751628][@bibr34-1179546817751628]--[@bibr35-1179546817751628]^ Recently, it has been shown that plasma aldosterone levels are significantly higher in apneic patients and that CPAP treatment reduces plasma aldosterone levels.^[@bibr36-1179546817751628]^ Our study is the first one to examine the relationship between SA and plasma aldosterone level in a specific population of patients presenting with diastolic dysfunction related to systemic hypertension or not. We aim to better understand the role of hyperaldosteronism in this particular situation and the beneficial effect of CPAP treatment. It could support the use of renin-angiotensin-aldosterone system blockers in case of systemic hypertension requiring drug therapy in this particular group of patients.

The SAM algorithm has been exclusively studied for diagnosis of severe SA. As a secondary objective, we aim to show the level of agreement between RDI and AHI for diagnosis of moderate SA. Even these patients do not require CPAP treatment, they have to be closely followed by a sleep specialist and they can benefit from non-CPAP treatment.

As SA is a well-known risk factor for arrhythmias, PM memories are very useful to diagnose nocturnal arrhythmias related to SA and the potential improvement with CPAP treatment. Padeletti et al^[@bibr19-1179546817751628]^ did not find any difference in arrhythmias incidence between patients with and without SA but their patients were probably less severe than our patients because their diagnostic cutoff AHI was 10 events per hour. Severe obstructive SA can also influence atrioventricular conduction abnormalities, and evolution of pacing rates after CPAP treatment could be relevant.

Some comments could be addressed concerning the limitations of the study. First, the study population is limited to patients with diastolic dysfunction to observe high prevalence of obstructive SA without a control group of patients with no diastolic dysfunction. Further studies may be conducted to evaluate the diagnostic accuracy of the SAM in a population with a lower prevalence of obstructive SA. The echocardiographic analyses of diastolic dysfunction can also be challenging due to the initial bradycardia requiring PM implantation. The choice of ACSS with type III portable monitor is also a limit of our study as it is not the gold standard for SA diagnosis. Past studies have shown a good diagnostic accuracy of this test compared with PSG in patients with high pretest probability and for the diagnosis of moderate to severe SA. Especially, in patients with other types of sleep-related breathing disorders, ACSS could underestimate SA diagnosis. Considering our population with a high probability of SA, we assume that ACSS could represent a reliable standard test. As we discussed earlier, it is the most widespread test to confirm SA diagnosis in daily practice. We chose to evaluate the benefit of CPAP therapy at 1 month. Improvement of both indexes is supposed to happen as soon as CPAP is used; arrhythmias and heart rate should also decrease quickly if they were related to severe SA. However, this treatment period could be too short to observe changes in plasmatic aldosterone levels.

Conclusions {#section28-1179546817751628}
===========

The SAPAAD study is a prospective diagnostic cohort study powered to assess the diagnostic accuracy of a specific algorithm provided by a new generation of PM for the diagnosis of severe SA. This study aims to highlight not only a correlation between plasma aldosterone level and SA occurrence and severity but also improvement after treatment. The study also evaluates diagnostic accuracy of the algorithm for the diagnosis of moderate SA, characteristics of SA among patients with diastolic dysfunction, related arrhythmias, and the potential use of the PM algorithm as a monitoring test for CPAP-treated patients.
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